We report on surface-rheological experiments on glass forming polymers making use of the decay of imprinted surface corrugation gratings. Whereas the grating is frozen in at temperatures below the glass temperature T g , surface tension drives its decay once the sample is heated to above T g . From the balance between surface tension and viscous stress, the near-surface shear modulus G() is derived. For polystyrene a marked dependence on chain length is found. While the near-surface moduli agree with the bulk values for highly entangled samples, an increase of the apparent stiffness by a factor of 10 compared to the bulk is found for chains shorter than the entanglement length.
I. INTRODUCTION
Material properties close to surfaces in many instances differ considerably from the corresponding bulk behavior. 1 Both the geometric constraints and the minimization of the surface free energy affect the structure and dynamics in the near-surface regions. These effects are particularly strong for polymers, where the intrinsic length scales are larger than the molecular dimension. 2 Anomalous chain packing and chain orientation are expected to extend to a depth corresponding to about the radius of gyration. Other length scales like the persistence length, the domain size in block copolymers, or the entanglement length may also be of relevance.
The glass transition behavior, in particular, has turned out be a rich field in this respect. Constrained geometry may have an influence on T g both directly and indirectly. There is substantial evidence for an intrinsic length scale of the glass transition. [3] [4] [5] [6] [7] Once the sample dimensions become smaller than this coherence length, the behavior will be altered. For polymers, anomalies in the glass temperature may also come about indirectly via structural anomalies. Because the glass temperature strongly depends on density and free volume, 8 measurements of T g can be used to indirectly probe nearsurface structural anomalies.
There are numerous reports on shifts of the glass temperature T g in thin films. Both increased and decreased glass temperatures have been found. The majority of experiments relies on quasistatic properties like the thermal expansion coefficient, 9 ,10 the specific heat, 3 or the free volume as probed by positron annihilation spectroscopy. 11 Another class of experiments probes the glass transition via dynamic properties. Frank and co-authors have measured the diffusion of fluorescence-tagged chains in thin films via ''fluorescence recovery after patterned photobleaching ͑FRAPP͒'' and find a decrease of the diffusion coefficient for films as thick as 100 nm. 12 Large scale flow of polymer films below T g has been observed in dewetting studies. 13, 14 Li et al. have investigated the flow of thin films on a structured silicon surface. 15 Here, surface tension drives the flow. It was found that the interactions of the chains with the substrate impedes the flow over distances even larger than the radii of gyration.
Many experiments aiming at the influence of surfaces and interfaces on the local dynamics are conducted on thin films. Here, the entire sample is affected by the constrained geometry. The methods of detection can be the same as the ones used for bulk samples, provided that the technique is sufficiently sensitive. There is no need of a surface-specific detection scheme. There are, however, some drawbacks with this approach. For example, two interfaces may have effects quite different from a single surface. A prominent example of this situation is surface-induced layering of fluids which is observed when the fluids are confined between two flat interfaces, but which is hardly observed at all in semi-infinite fluids close to a single interface. 16 Dramatically enhanced viscosity has also been reported for polymer melts in between the two cylinders of the surface forces apparatus, 17, 18 where again no corresponding effect is known for single surfaces. On the more practical side, there are other influences of the substrate like roughness and contaminations. The thermal expansion coefficients of the substrate and the film will in general be different, which may lead to unrelaxed internal stress. Also, the film-substrate interface and the film-air interface may have different or even competing effects.
Due to these complications, it is advantageous to study polymer surfaces rather than polymer thin films. Because the experimental techniques have to be surface-specific in this case, the number of applicable techniques is limited. A number of groups have recently reported work based on the scanning force microscope ͑SFM͒. [19] [20] [21] [22] In these experiments the temperature-dependent mechanical modulus is derived from the movement of the cantilever. So far, quantitative analysis appears to be difficult because the area of contact and the exact displacement pattern in the sample is not known. Liu et al. have used near edge x-ray absorption fine structure ͑NEXAFS͒ spectroscopy to monitor the loss of buffinginduced orientation above the glass transition. 23 Surface a͒ Author to whom correspondence should be addressed. Electronic mail: johannsmann@mpip-mainz.mpg.de specificity in this case is achieved by the finite escape depth of the secondary electrons.
In this work we propose to use the decay of surface corrugation gratings to probe the near-surface viscoelastic parameters. A related technique was used in 1967 by Maiya and Blakely to measure the surface self-diffusion of nickel. 24 The gratings are imprinted at a temperature above T g . After the sample has been quenched to room temperature, the replica is removed. The experiment is started by heating the sample to above T g , after which surface tension drives the grating's decay. The decay is monitored via the diffraction of a laser beam from the polymer surface ͑Fig. 1͒. There is a conceptual analogy to forced Rayleigh scattering ͑FRS͒, 25 the intrinsic material functions being viscosity here, while it is the diffusion of fluorescence tags in conventional FRS.
Although the new technique can be applied to thick samples as well as thin films, the analysis works best when the samples are thicker than the wavelength of the grating. In this case, the polymer-air interface is the only interface of relevance. The issue of wetting or dewetting of the substrate does not enter the picture. We view the decay of corrugation gratings as a surface-rheological experiment. Provided that linear response holds, the flow pattern is given by surface waves. Since the flow pattern is known, all spatial dependencies can be integrated out and the intrinsic mechanical modulus can be explicitly derived from the decay curve.
II. THEORY
In the following we present a simple picture of the decay of a surface wave at the boundary of a semi-infinite viscoelastic medium. Surface waves in general have been previously treated in different contexts ͓R. A. L. Jones and R. W. Richards, Polymers at Surfaces and Interfaces ͑Cam-bridge University Press, Cambridge, 1999͒; D. Langevin, Curr. Opin. Colloid. Interface Sci. 3, 600 ͑1998͔͒. Here, we consider a rather simple special case, namely their viscous decay. The formalism applies to the case where the film thickness is much larger than the wavelength of the corrugation grating. The medium is assumed to be homogeneous, isotropic, and incompressible with the complex shear modulus G() entirely determining its rheological behavior. Effects of gravity, external pressure, and inertia are neglected. We assume a linear stress-strain relationship. The flow field v(x,z) is governed by the continuity equation
and the Laplace equation
where x is the coordinate in the sample plane along the grating's wave vector and z is the coordinate normal to the surface. Since there is no flow along the y axis this index was dropped. Equation ͑2͒ follows from the Navier-Stokes equation where all terms apart from the viscous drag ⌬v ͑ the viscosity͒ have been neglected. Equations ͑1͒ and ͑2͒ are fulfilled by surface waves of the form
where u is the displacement of a given volume element from its initial position and q is the wave number. Note that the decay depth q Ϫ1 is just the wavelength divided by 2. The decay depth quantifies the meaning of the term ''nearsurface.'' In the given experiment the wavelength was 600 nm, which implies a decay depth of q Ϫ1 ϭ100 nm. All time dependencies are contained in the grating amplitude u 0 (t). Because the diffraction efficiency of the laser beam impinging on the sample surface is proportional to the square of the grating amplitude, u 0 (t) is the central observable of the experiment. Assuming linear response, the stress field i j (x,z,t) has the same spatial dependence as the strain rate. We first treat the case of an ideal Newtonian liquid.
Here, the stress is equal to the product of the viscosity (t) and the instantaneous shear rate. Therefore, stress and strain not only have the dependence on space but also the same dependence on time. One has
The scalar field p(x,z,t) has to be subtracted from the stress tensor to obtain pure shear stresses. p(x,z,t) is not a hydrostatic pressure because an incompressible medium was assumed. p(x,z,t) is a field chosen such that the trace of the tensor on the left-hand side of Eq. ͑4͒ vanishes. In experiment, only normal stress differences result in a measurable shear flow. From Eqs. ͑3͒ and ͑4͒ the stress tensor i j follows as
͑5͒
The field p(x,z,t) is zero below the sample surface. Equation ͑5͒ provides a relation between the stress amplitude 0 (t) and the decay rate u 0 (t). Note that 0 is defined to describe stress differences in the sense of the left-hand side of Eq. ͑4͒. The magnitude of 0 (t) follows from the boundary conditions. At the apex of the surface wave the normal stress n is given by the surface tension s times the local curvature, that is n ϭϪ s q 2 u 0 . The lateral stress is zero. Right at the sample surface, the field p(x,z,t) therefore is half the normal stress. One arrives at
From Eqs. ͑5͒ and ͑6͒ one finds
The same conclusion can be reached with an energy balance consideration. The evolution of u 0 (t) is controlled by the gain in free energy due to the decrease of surface area, on the one hand, and viscous dissipation, on the other. The gain in surface energy dF s /dt is given by
where ds is an infinitesimal length along the corrugated surface, A is the surface area normalized to the projected surface area, ⌳ϭ2/q is the wavelength, and s is the surface energy.
The dissipation dQ/dt is proportional to the product of shear stress and strain rate. Performing the spatial integration, one arrives at
Strictly speaking, Eq. ͑9͒ requires the use of comoving coordinates. However, because all displacements are small compared to the wavelength, the distinction between laboratory coordinates and comoving coordinates is neglected here. Equation ͑9͒ does not contain the usual symmetrization of the stress and the flow tensor because flow and stress are already symmetric.
Equating the gain in surface energy to the dissipation, one again arrives at Eq. ͑7͒. If the viscosity is independent of time, the grating decays exponentially with a time constant of dec ϭ2/(q s ). The viscosity is readily determined from the decay time. If, on the other hand, the viscosity explicitly depends on time ͑for instance, due to a time-dependent temperature͒, the instantaneous viscosity at any time t can be derived from Eq. ͑7͒ as
For non-Newtonian liquids like entangled polymers, the picture is more complicated because viscoelasticity introduces memory effects. One has
or conversely
The memory kernel ͓tϪtЈ͔ must not be confused with a Newtonian viscosity (t) explicitly depending on time as discussed in Eq. ͑10͒. In fact, the memory kernel ͓tϪtЈ͔ has different dimensions. To emphasize the distinction, we have used square brackets for the argument of the memory kernel. For Newtonian liquids ͓tϪtЈ͔ is a ␦ function, whereas it is a constant for purely elastic media. Note that Ϫ1 ͓tϪtЈ͔ is not just the inverse of ͓tϪtЈ͔, but has a different time dependence. In the following, we assume that the temperature is constant and that the viscosity does not explicitly depend on time after the experiment has started. Generalizing Eq. ͑7͒, the amplitude u 0 (t) now evolves according to
Because we have excluded an explicit time dependence of Ϫ1 ͓tϪtЈ͔, Eq. ͑13͒ is only valid for temperature step experiments after a constant temperature has been reached. The initial conditions of the experiment have not yet been taken into account. At tϽ0, the sample is in the glassy state, where all dynamical processes are frozen in and Ϫ1 ͓tϪtЈ͔ is zero. At tϭ0 the temperature is rapidly raised to the chosen set point and remains constant thereafter. The heating process ''starts the clock,'' so to speak. All memory to times tϽ0 has been erased. In modeling, this amounts to creating the grating instantaneously at tϭ0 and limiting all integrations to tЈϾ0
͑14͒
When going to the frequency domain by Fourier transformation, the convolution turns into a product
As opposed to the time domain, Ϫ1 () is the inverse of () in the frequency domain. The shear modulus G()
is the central relation for data analysis. The essential step is a Fourier transformation of the amplitude u 0 (t). The Fourier transformation suffers from the usual problems connected to the long-time cutoff which either has to be removed by windowing 26 or results in a slight artificial modulation of the spectra. Apart from cutoff effects, the data analysis is straightforward.
III. EXPERIMENT A. Materials
We have extensively investigated two polystyrene samples with different chain lengths above and below the entanglement molecular weight. The well-entangled material ͑purchased from PolySciences͒ had a molecular weight of M w ϭ254 000 g/mol and a polydispersity index of M w /M n ϭ2.7. It was prepared by conventional free-radical polymerization. The other material had a molecular weight of M w ϭ5600 g/mol and a polydispersity index of M w /M n ϭ1.08. The latter material was synthesized by anionic polymerization. In addition, we have briefly investigated two samples with a molecular weight of 115 000 g/mol and 14 000 g/mol. Both these samples were anionically polymerized and therefore had narrow distributions of molecular weight.
The polystyrene was spin-cast from toluene solution onto silicon wafers. The thickness was adjusted such that it always exceeded 1 m, which is 10 times the decay depth of the surface wave. Given that the substrate is more than 10 decay lengths away from the surface, we consider the film as a semi-infinite medium for the purpose of flow modeling. While the films are thick enough to ensure a surface dynamics decoupled from the substrate, they are, on the other hand, thin enough to allow for rapid thermal equilibration with the substrate, thus ensuring that the temperature measured on the substrate right next to the sample is identical to the temperature at the sample surface.
We performed reference experiments on the bulk materials with a standard rheometer ͑Rheometrics RMS-800͒. These data are shown as a thick dashed lines in Figs. 6-8 . The calorimetric glass temperatures of the bulk phase were determined with differential scanning calorimetry ͑DSC͒ as (101Ϯ0.5)°C for the high molecular weight material and (74.5Ϯ1.0)°C for the low molecular weight material.
B. Imprinting procedure
The corrugation gratings were imprinted into the polymer surface with a silicon replica. The master was ion milled into the surface of the wafer through a photoresist mask. The production process followed the procedures detailed in Ref. 27 . The shape of the grating can to some extent be optimized by proper adjustment of the photoresist thickness and the etching time. We tried to achieve a sinusoidal shape. Figure  2 shows a scanning force microscope ͑SFM͒ image of an imprinted grating. The ratio between the first and the second Fourier component is 0.2. By analyzing SFM images from partly annealed gratings we find that the second Fourier component decays faster than the first component, as predicted by Eq. ͑7͒. The second Fourier component cannot be monitored optically, because its wavelength is shorter than the wavelength of light.
The grating wavelength of ⌳ϭ600 nm was chosen as small as possible, while still allowing for observation via optical diffraction. The grating height u 0,tϭ0 of Ϯ 5 nm was the result of a tradeoff between sensitivity, on the one hand, and the requirement that the approximations used in Eqs. ͑8͒ and ͑9͒ hold, on the other.
Imprinting was carried out at a temperatures well above the glass transition. The replica was kept in contact with the polymer for a time between 5 min and 2 h, which is at least three times the terminal relaxation time at the given temperature. We checked for unrelaxed internal stresses in an a posteriori way by varying the imprinting time and plotting the resulting shear moduli versus the imprinting time. Figure 3 shows the shear moduli at log(a T ͓rad/s͔)ϭϪ1.75 as a function of the imprinting conditions. For comparison of different imprinting temperatures, the imprinting time has been normalized to the terminal relaxation time as determined from bulk rheology. The variation of the shear modulus is well within the scatter between the different experiments. The memory with regard to imprinting conditions appears to be erased.
In order to facilitate the disjoining between the replica and the sample, the master was coated with a self-assembled monolayer of a fluorinated substance ͑tridecafluoro-octyltriethoxy-silane purchased from ABCR͒. This procedure proved necessary to prevent adhesion and disruption of the sample. Although the layer is chemically attached to the master, some material may come off and remain on the polystyrene surface after stamping, thereby lowering its surface energy. We reused the stamp many times without any de- crease in its performance, which indicates that the transfer of material-if present-is rather small.
C. Surface tension
The surface tension s of polystyrene at Tϭ110°C was taken from the literature as s ϭ33.5 mN/m. 28 Given that a possible surface contamination would tend to lower the surface energy, the actual surface tension may be somewhat less than the literature value. Since the polystyrene-air interface is not a high energy surface, we do not expect the contaminations to have large effects on the surface tension. The temperature dependence of the surface energy is 0.068 mN m Ϫ1 K Ϫ1 and is negligible in this context.
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D. Data acquisition
The decay of the corrugation grating was monitored by diffracting a He-Ne laser beam off the sample surface ͑Fig. 1͒. The diffracted beam is detected with a lock-in amplifier. Some artificial noise is created when the sensitivity of the lock-in amplifier is switched between different ranges. The diffraction efficiency at the beginning of the experiment is on the order of 10 Ϫ4 . A precise calibration is unnecessary because the diffraction efficiency is normalized to its initial value in the data analysis ͓Eq. ͑16͔͒. The background is given by diffuse scattering from the sample surface. It can be reduced to some extent by pinholes in the detection branch. Given that the background originates from the sample, we considered background subtraction as conceptually problematic. It is not clear whether a grating decay which has proceeded to the level of surface roughness should be considered ''complete.'' We preferred to discard data where the diffraction efficiency came close to the background, instead. Actually, this rarely happened over the duration of the experiment, which typically was 1 day.
E. Linear rheological behavior
Whether linear rheological response can be safely assumed for the given set of parameters is difficult to predict from simple arguments. The overall strain qu 0 is in the range of 10%, which is typical for experiments on polymer melts, but rather large for experiments close to the glass transition. One could also use the stress 1/2 s q 2 u 0 ϳ10 4 Pa as a criterion to assess the validity of linear response. Using this criterion, one is safe in the glass transition range, but not in the melt regime. Linear response therefore cannot be taken for granted. We checked for linear response in reference experiments on the bulk materials. Figure 4 shows the storage and the loss modulus of the high molecular weight material as a function of strain for three temperatures of 105, 110, and 120°C. The vertical and the horizontal dashed line indicate the conditions found in the grating decay experiments, which are a strain of up to 10% and a stress of up to 10 4 Pa, respectively. As Fig. 4 proves, linear behavior is indeed obeyed, although somewhat marginally for the lowest temperature of Tϭ105°C. The same kind of data has been collected for the low molecular weight material, again indicating the validity linear response.
F. Heating
Heating occurred from the back of the silicon substrate with a home-built heating stage. The thermocouple was glued to the front of the sample close to the observation spot. Rapid heating is absolutely critical for the temperature jump experiments. Figure 5 shows a data trace of the temperature and the diffraction efficiency versus time around a temperature jump. The diffraction efficiency is constant below the glass temperature T g . We attribute the slight residual fluctuations to a pointing instability of the sample during the rather rapid heating. At around Tϭ100°C the flow sets in. However, it takes another minute until the set point of 110°C has been reached. In this time interval, the sample is in an ill-defined state and the corresponding data have to be dis- FIG. 3 . Shear moduli at log(a T ͓rad/s͔)ϭϪ1.75 as a function of the imprinting conditions. The imprinting time has been normalized to the terminal relaxation time as determined from bulk rheology. The latter strongly depends on temperature. The variation of the shear modulus is well within the scatter between the different experiments. This proves that the imprinting has resulted in a well-relaxed structure and that the imprinting process itself is not memorized. carded. Because of the memory effects, we cannot use the time, when constant temperature has been reached, as the starting point in the data evaluation. Rather, one has to use an idealized decay kinetics which starts from the diffraction intensity prior to the heating at a hypothetical time t 0 of an ''ideal'' temperature jump. Two different choices of t 0 , which we considered the earliest and the latest reasonable choices, are shown as dotted lines in Fig. 4͑a͒ . In Fig. 4͑b͒ we show the corresponding viscoelastic spectra. Naturally, they differ most strongly in the high frequency range corresponding to short times. We discarded data from frequencies to the right of the dashed line. Even at lower frequencies, the uncertainty with regard to the choice of t 0 introduces some error. It is more prominent in the loss modulus spectra. The error is less than 50% in the entire frequency range.
IV. RESULTS AND DISCUSSION
In a first set of experiments, we performed temperature jumps from room temperature to TϾT g . Figure 6͑a͒ shows some decay curves for Tϭ106, 115, and 125°C. Naturally, the decay happens faster at higher temperatures. Note that one observes a slight shoulder in the decays at 115 and 125°C. This shoulder is the signature of the rubber plateau. In Fig. 6͑b͒ we show an ensemble of viscoelastic spectra GЈ() and GЉ() obtained from decays like the ones shown in Fig. 6͑a͒ . The data have been shifted along the frequency scale with shift factors a T determined by fitting the Williams-Landau-Ferry ͑WLF͒ equation 8 to the data from the bulk rheometry. The WLF parameters are c 1 ϭ8.52 and c 2 ϭ58.3°C at a reference temperature of T 0 ϭ122°C. The thick dashed line denotes the bulk master curve.
Numerous data sets have been included in Fig. 6͑b͒ to indicate the degree of reproducibility. We suspect that the variability is mostly connected to the imprinting process, which is partly carried out by hand. We consider these re- FIG. 5 . Effects of the finite rise time of the temperature in temperature step experiments. The deviation of the curve from an ideal jump defines the time resolution of the experiments. It takes about 1 min to heat the sample from T g to the set point of 110°C. An idealized decay has to be used for the analysis, where the choice of the time of the hypothetical instantaneous temperature jump is somewhat arbitrary. In part ͑b͒ the derived spectra are shown for two extreme choices of a very early and a very late hypothetical ideal jump. Naturally, the discrepancy is largest at high frequencies, which as a consequence have to be discarded.
FIG. 6.
A typical set of decay curves ͑a͒ and the viscoelastic spectra derived according to Eq. ͑16͒ ͑b͒, obtained on polystyrene with a molecular weight of 254 000 g/mol. The spectra have been displaced along the frequency scale according to the WLF equation, where the shift factors a T have been determined from bulk rheology. The dashed line gives the moduli from bulk rheology.
sults as a remarkable agreement between the surface and the bulk modulus. One sees deviations at both the high and low frequency end. At the high frequency edge the idealization procedure with regard to the rapid temperature jump at t ϭ0 may have induced artifacts. The low frequency edge, on the other hand, should not be affected by these kinds of technical shortcomings. It corresponds to long time scales, where the grating has decayed to almost the background level. We looked into the question of whether the anomalously high modulus at low frequencies might be caused by the fact that we did not subtract a background. However, the anomaly did not entirely disappear, when we subtracted the background within reasonable limits. More generally speaking, the imprinted gratings did not entirely decay even at times where this would have been expected. However, the amplitude of the remaining structure is in the range of some percent of the gratings initial height. Possibly, the surface wave model comes to its limits at this level of precision.
In Fig. 7 we show the near-surface viscoelastic spectra of the short-chain sample. Again, the surface spectra have been shifted along the frequency scale with shift factors a T derived from the WLF equation. The WLF parameters are c 1 ϭ8.04 and c 2 ϭ91.5°C at a reference temperature of T 0 ϭ122°C. Because there is no rubber plateau, the accessible range of frequencies is narrower in these experiments.
Surprisingly, one does find a clear near-surface anomaly for short chains. The surface moduli are higher than the bulk values by a factor of 10. The qualitative difference between the high molecular weight and the low molecular weight sample is already evident when considering the temperatures, at which the decay speed is in a convenient range. For the long chains, a convenient temperature is 115°C, which is 14°C above the DSC glass temperature. A clearly perceptible decay was already present at 106°C. For the short chains the convenient range was located between 93 and 95°C, which is 20°C above T g . Experiments on a sample with molecular weight of 14 000 g/mol gave analogous results, the factor being around 2 in this case. This suggests that the entanglement length ͑17 000 g/mol for polystyrene͒ may be the governing underlying length scale.
In order to get further confidence in our findings, we also performed temperature ramp experiments on the low molecular weight sample. Bulk rheology shows that this material behaves like a Newtonian fluid (GЉӷGЈ,GЉϰ) above Tϭ85°C. The Newtonian model can therefore be applied. The viscosity as a function of temperature can be derived with Eq. ͑10͒. As Fig. 8 shows, the near-surface viscosity is higher than the bulk viscosity by a factor of 10, which exactly corresponds to the value found in temperature step experiments.
The numerous investigations on the glass transition in confined geometries indicate that the behavior of polymers close to walls may be nonuniversal in the sense that molecular details strongly affect the behavior. Both increased and decreased values of T g have been found. Typical values for the shift in T g are in the range of some°C. Using the WLF equation, one can convert the factor of 10 between the surface and the bulk moduli to an increase of the glass temperature T g by about 4°C. The overall magnitude of the anomaly appears to be well in the range of the results found in previous works. One should point out that comparison of our results with works on the glass transition is complicated by the fact that our experiments were undertaken at temperatures significantly above T g . As a consequence, the motions probed here are not primarily localized rearrangements but rather a large scale flow of entire chains.
A dependence of the confinement effects on the molecular weight has been addressed recently in the context of glass transition measurements on thin films. 29, 30 In agreement with intuition, it was found that the strength of the confinement effects depends on the ratio between the film thickness and the diameter of the unperturbed coil. However, this argument does not apply to our experiments, because here the chains are constrained from one side only. The arguments raised by FIG. 7 . Viscoelastic spectra derived from the decay of corrugation gratings for a polystyrene sample with a molecular weight of 5600 g/mol. The spectra have been displaced along the frequency scale according to the WLF equation, where the shift factors a T have been determined from bulk rheology. The dashed line gives the moduli from bulk rheology. The near-surface modulus exceeds the bulk modulus by about a factor of 10.
FIG. 8. Temperature ramp experiment on the low molecular weight polystyrene. Bulk rheology indicates that the material can be considered a Newtonian liquid for temperatures and time scales given by the solid dots. In this range, the instantaneous viscosity can be derived from the decay rate of the corrugation grating according to Eq. ͑10͒. The near-surface viscosity is ten times larger than bulk viscosity. This corroborates the findings from temperature step experiments ͑Fig. 7͒ where a similar discrepancy between the surface and the bulk values was found.
Tanaka and co-workers, who studied the surfaces of polystyrene/polymethylmethacrylate blends with different molecular weight with x-ray photoelectron spectroscopy and scanning force microscopy, come closer to our experimental configuration. 31 These authors point out that the effect of chain ends is more pronounced in low molecular materials simply because they are more numerous. Chain ends might be enriched at the sample surface either for enthalpic or entropic reasons. 32 The enrichment of chain ends may also depend on the chemical nature of the end groups. Because the long-chain and the short-chain polymers were polymerized via different routes ͑free chain polymerization vs anionic polymerization͒ the end groups are different. A difference in end group segregation towards the surface therefore is one possible explanation of our findings. We performed a check with a polystyrene sample of M w ϭ115 000 g/mol which had been anionically polymerized and found no near-surface anomaly ͑Fig. 9͒. This makes an explanation in terms of chemical affinity of endgroups to the surface to appear unlikely, although we cannot at this point rigorously disprove it.
A second explanation is offered in the simulation work by Wattenbarger and co-authors, who remark that the entropy penalty imposed by the interface is stronger for long chains than for short ones. 33 Short chains would therefore more easily react to the ordering influence given by the flat interface. Assuming that short chains pack in a more ordered way than long chains, one can argue that increased order would also imply a decreased mobility and therefore a greater resistance to flow. A skin of a relatively immobile surface layer may also be more stable for short chains, because entanglements with the bulk would less likely disrupt the surface layer under flow.
Finally, one may consider effects which are related to the curved surface or to a laterally inhomogeneous surface tension. In particular, a spatially modulated surface tension would affect the decay kinetics via Marangoni flow. Although it is not clear why such effects should occur and be operative on short chains only, they should be considered and tested in more depth in the future.
V. CONCLUSIONS
We have shown that the near-surface viscoelastic behavior of polymers can be probed via the decay of imprinted corrugation gratings. The complex shear modulus is extracted from an analysis of the competition between the surface tension driving the decay and viscous dissipation resisting it. The range of time scales covers up to five decades from shortly above the glass transition to beyond the terminal relaxation time. The results obtained on polystyrene with a molecular weight much above the entanglement length indicate a near-surface behavior quite similar to the bulk. Short chains, on the other hand, do display a near-surface anomaly. The modulus at the surface was increased with respect to the bulk by a factor of 10. A surface-induced increased order with a concomitant decrease in mobility is suggested as a possible origin of this astonishing behavior. FIG. 9 . Viscoelastic spectra derived from the decay of corrugation gratings for an anionically polymerized polystyrene sample with a molecular weight of 115 000 g/mol. The spectra have been displaced along the frequency scale according to the WLF equation, where the shift factors a T have been determined from bulk rheology. The dashed line gives the moduli from bulk rheology. There is not enhancement of the near-surface modulus.
